The discoveries of high-energy astrophysical neutrinos by IceCube in 2013 and of gravitational waves by LIGO in 2015 have enabled a new era of multi-messenger astronomy. Gravitational waves can identify the merging of compact objects such as neutron stars and black holes. These compact mergers, especially neutron star mergers, are potential neutrino sources. We present an analysis searching for neutrinos from gravitational wave sources reported by the LIGO Virgo Collaboration (LVC). We use a dedicated transient likelihood analysis combining IceCube events with source localizations provided by LVC as spatial priors. We report results for all gravitational wave events from the O1, O2, and O3 observing runs.
Introduction
With the release of the first Gravitational Wave Transients Catalog [1] and the start of the O3 observing run of the LIGO-Virgo Collaboration (LVC), there have been 33 detected compact binary mergers as of July 28th, 2019. Of these 33 detections, 28 have been classified as binary black hole mergers (BBH), 3 are thought to be binary neutron star mergers (BNS), and 2 events may be of terrestrial origin [2] .
Although several multi-messenger campaigns to find electromagnetic counterparts to gravitational waves (GWs) have been conducted, only one successful multi-messenger detection has been made [3] . The observation of GW170817, and the associated short gamma-ray burst GRB170817A, provided a wealth of knowledge about the physical processes and dynamics of the astrophysical system [4, 5] .
Neutrino follow up searches of gravitational wave events can provide information complementary to electromagnetic counterparts. For example, neutrinos can provide information about particle acceleration mechanisms [6] , jet dynamics [7] , and the environment near the source [8] . In addition to providing insight into the physics of these sources, detection of neutrinos from GW sources can greatly improve the localization compared to detection of GWs alone. Searches for joint GW and high-energy neutrino events have produced no significant detections to date [4, 9, 10] .
IceCube is a cubic kilometer neutrino observatory located at the geographic South Pole. It has a duty cycle close to 100% and is able to observe the full sky at all times [11] . Rapid analysis of neutrino data from IceCube presents a unique opportunity to quickly identify joint sources of GWs and neutrinos and to report these findings to electromagnetic telescopes for further study.
In these proceedings, we present a comprehensive neutrino follow up to every detected GW event from the LVC O1, O2 and partially completed O3 observing run. The unbinned maximum likelihood used for the search is described in Section 2. The data used in this analysis are described in Section 3. The results for each follow up are summarized in Section 4. We conclude with a discussion of the results and future work in Section 5.
Method
We perform an unbinned maximum likelihood analysis which uses the LVC skymap as a spatial prior. The likelihood we use is
where N is the total number of observed neutrino events, n b is the expected number of background events, n s is the number of signal events, and γ is the spectral index of the source. For an event with a given energy E i and direction x i , we form a PDF of signal correlation S i (x i ,E i ;γ) and a PDF of background correlation B i (x i ,E i ). Both the signal and background PDFs consist of a spatial and energy component
We divide the sky into equal-area bins using HEALPix [12] . The pixels are roughly 0.01 deg 2 . In the equations above, the location of the pixel being tested is x s , while x i and σ i are the reconstructed direction and estimated angular uncertainty of each neutrino event.
The test statistic is the log of the likelihood ratio
wheren s andγ are the free parameters in the maximum likelihood fit. We incorporate the GW spatial prior by defining a weight, shown above, for every pixel in the skymap. This weight represents the probability density of the GW source being at a given position in the sky. The weight is then normalized and multiplied by the signal likelihood which results in a modified test statistic
To test for a GW+neutrino coincidence, we consider a ±500 s time window centered on the GW event time. This is a conservative time window derived by considering a range of prompt neutrino emission mechanisms from gamma-ray bursts [13] . We perform a scan over the full sky and maximize the likelihood ratio with respect to n s and γ at every pixel. The largest test statistic in the sky is considered the best fit position for that scan.
To calculate the significance of a given observation, we compute a p-value by comparing our observed Λ to a background distribution which is built from 30,000 trials using randomized neutrinos and a fixed gravitational wave skymap for each trial. Neutrinos are randomized by scrambling their arrival time and recomputing their direction based on their new randomly assigned time. All trials use the same GW skymap. An example background distribution is shown in Figure 1 . This pvalue quantifies the significance of the observed neutrinos being associated with a point-like source located within the given GW skymap.
To compute our sensitivity for each GW, we perform signal injection trials and compute the flux required such that 90% of trials return an observed Λ greater than the median Λ of the background distribution. Signal neutrinos are selected from Monte Carlo and injected according to an E −2 power law spectrum. An example of this procedure is shown in Figure 2. 
Data Sample
Neutrino data used in this analysis come from the IceCube Gamma-ray Follow Up (GFU) dataset, which is a sample of through-going muon tracks used for realtime analyses [11] . The sample has a 6.7 mHz all-sky event rate with the dominant background in the Southern and Northern Hemispheres coming from atmospheric muons and atmospheric neutrinos, respectively. The sample has a median angular resolution of 1 deg for neutrino energies above 1 TeV [14] . Figure 1 . We use a χ 2 cumulative distribution function (CDF) to fit the data and compute the flux which gives a 90% passing fraction. This is defined as the sensitivity for the particular GW event. Table 1 summarizes the final results for each GW event. No significant neutrino correlation was found. We report 90% C.L. upper limits (U.L.s) on the time-integrated neutrino flux scaled by event energy, E 2 F, from each GW event. We also report 90% U.L.s on the isotropic equivalent energy emitted in neutrinos within the ±500 s time window, assuming the median value of the reported luminosity distance to the GW source.
Results
The flux U.L.s are computed using the same procedure as the 90% sensitivity flux. The dif-ference between the U.L. and the sensitivity is that the U.L. uses the observed Λ as the threshold rather than the median Λ of the background. In cases where the observed Λ is less than the median, we use the median Λ as our threshold to be conservative. We also report U.L.s on the isotropic equivalent energy, E iso , emitted in neutrinos over the 1000 s time window for each GW. This limit is derived using a relation between E iso and the mean number of expected events at IceCube, taking into account the effective area of the detector and assuming an E −2 powerlaw spectrum. We also marginalize over the 3D position of the source using skymaps and distance PDFs provided by LVC. E iso is tuned such that the mean number of expected neutrino events at IceCube is 2.3, which corresponds to the 90% C.L. Poisson U.L. given a non-observation of neutrinos at IceCube.
GW Event List Event
Type Table 1 : Results for every detected GW from the O1, O2, and O3 observing runs as of July 28th, 2019.
Here Ω is the area of the 90% containment region of the GW and FAR is the false alarm rate. These values are taken from GWTC-1 and the online event database GraceDB [1, 2] . We also report 90% C.L. U.L.s using the best-fit value from the χ 2 fit described in Figure 2 , as well as the minimum and maximum U.L.s assuming a point source hypothesis within the 90% containment region of the GW skymap. E iso is the U.L. on the isotropic equivalent energy emitted in neutrinos during 1000 s. BBH = Binary Black Hole, BNS = Binary Neutron Star, Ter = Terrestrial.
Conclusion
We searched for neutrino emission within ±500 s of all reported GW events from the O1, O2, and O3 observing runs as of July 28th, 2019. No significant correlations with neutrino events were found and, for each GW event, we placed 90% C.L. U.L.s on the time-integrated neutrino flux and 90% C.L. U.L.s on E iso . In addition to performing the neutrino follow up, we have reported our results through GCN circulars for other observatories. An independent search for joint GW+neutrino events which evaluates a Bayesian odds ratio of a detected signal is presented in [15] . The Bayesian approach produces results similar to those presented in this work. Results from both analyses are sent in IceCube's GCN circulars. Generally these results are sent out within an hour of the initial GCN notice sent by LVC. In the future we plan to send rapid GCN notices to inform the community of any significant neutrinos that should be followed up by electromagnetic observatories.
During the current O3 observing run, 22 binary mergers have been detected thus far. The estimated rates before the start of the O3 run were ∼1/week for BBH mergers and ∼1/month for BNS mergers. So far the observed rates have been consistent with these expectations. Assuming this rate remains stable, we should expect to see roughly 40 more GW events by the end of the O3 run. With an increasing sample of GWs, we plan on performing population analyses on BBH mergers and BNS mergers to examine the individual source classes as potential neutrino emitters. In future work, we also plan to extend this analysis by searching for neutrino emission on timescales longer than ±500 s. For BNS mergers especially, searches over longer timescales will have a higher chance of finding neutrino correlations if significant neutrino production occurs during the kilonova phase following the BNS merger [16, 17] .
IceCube Preliminary
IceCube Preliminary Figure 3 : Joint skymaps for the first 33 detected GW events. Overlayed are the neutrinos within 1000 seconds of the GW trigger time. Gray contours around the blue crosses are 90% containment angular errors for the neutrinos and the black contours are 90% containment for the GW.
